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EVALUATIO N REPORT

0 This report is the Final Report of Contract No. F30602-76-C-0226.
It covers first, a study of a rnicrostrip antenna element and second,
describes the development of a microstrip reflectarray with microstrip
elem’ rtt s used throughout the array.

In the first part of the report the influence of various parameters
on the bandwidth characteristics of the microstrip element, such as
dielectric constant of the substrate, shape and dimensions of the metal
disk, and Its height above the groundplane are discussed.

In the sec ond part of the report several microstrip reflectarrays
are described with diode switches integrated into the array elements.
The fabrication techniques developed for these arrays represent a simple,
potentially low-cost approach to other sim ilar applications.

In addii ion, an analysis of the scattering by an infinite array of
mic t ostrip disks has been made. This analysis is used to get insight
into the opei ation of a reflectarray with diodes integrated into the
elements to Lchieve phaseshift for circular polarized fleld~ .

- I
ERMANN I :HRENSI5ECK

Cont ract Mon itor
Antennas and RF Components Branch
Electromagnetic Sciences Division
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SECTION I
INTRODUCTION

This document is the final report f r  the Microstrip Rellectarray Antenna Program,
( ontract Number F30602-7o-C-0226. The work was initially under the direction of Mr. Carman
Malagisi, Rome Air Development Center (RA OC), Gri ffiss Air Force Base, New York. Later, the
ni rnitorship was transferred to Mr. Hermann Ehrenspeck , RADC, Hanscom Air Force Base,
M~ssach usetts.

There has been a constant need to reduce the cost of phased arrays for taciical radars and
communication systems. The bulk of the cost and RF losses in phased arrays are in transmission
li nes and phase shifters. The use of reflectarrays is one method of reducing the costs of
transmission lines. However , the phase shif ters on each element still remain costly. If the phase
shifte rs could be incorporated into the elemen to reduce the overall costs in reflectarra y mode,
then reflectarrays could become a more competitive antenna system where phased array
performance is required.

The micros~rip antenna as described by R.E. Munson and J.Q. Howell is a means of —

providing low-cos t corporate-fed phased arrays. The problems of phase shifters still exist.
Mr. C. Malagisi of RADC utilized the technology described by Munson and Howell and applied it
to a inicrostri p retlectarray technique.

The purpose of this prog ram was to determine the feasibility and design limitation of such
an antenna element; that is, a nicrost rip reflectarray antenna where microwave integrated circuit
techni ques are used to integra e the radiating element , phase shifters , dc distribution and logic
circuitry into a single structure

The approach to this study is in licated by the program’s major milestones (Figure 1). The
initial progra m phase consisted of studies to better understand element operation and the
method of test. The St :ond phase consisted of the design and evaluation of a 3 GHz reflectarra y
element with 3-bit p ase shifter capability. This effort was paralleled with an original
investigation into the -iicrostrip element fundamental theory of operation. The third phase
consisted of a short effort to evaluate element performance near 1 5 GHz.

The primary objective of this program is to verify the element operation as envisioned by
Mr. Malagisi. That is, if diodes are placed along a circumference of the disk at an arbitrary
distance from its center and biased accordingly to cause short or open circuit , the element will
reradiate a circular polarized signal with the same sense but shifted in phase equal to twice the
angular spacin g of the short locations. Other results are that a 3-bit reflection phase shifter can
he realized with only eight diodes.

The usefulness of the element in an array is severely restricted by very narrow bai~dwidths
~iiid re lati~i-iy high loss.

C

How .ver , the supporting theoretica l analysis showed the element ’s loss and operating
h ndwidth are a strong function of the element spacing in an array environment. The results
ii Iicate reduced loss and increased bari~~ iJih wTth decreased spacing, ther~by suggesting that
ti e present performance deficiencies could be overcome.
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SECTION II

REF LECTARRAY DESCRIPTION AND ANALYSIS

A. INTRODUCTION

In many applicath ’ns , microstrip antennas are an attractive alternative to more conven-
tional rad iators . Micro strip antennas exhibit a low profile , can easily conform to planar,
cyli ndrical and conical surfaces , and are small in size and weight. These elements are generally
etched on copper clad dielectric material. As a consequence, production cost is low while good
inechanic~ I tolera nces arc maintained.

Two recent papet s by Howell’ and Munson2 have been directed to the design of these
elements. Both papers discuss the resonant properties of the microstrip elements and give
experimental results.

Recently, Phelan 3 4
~ has described integration of diodes into spirals and dipoles as a

mea ns of achieving a low-cost integrated element and phase shifter. This subsection analyzes a
circular microstrip element in a reflectarray configuration. The characteristics of the element in
an ar ray are examined using the numerical solution of an integral equation for the microstrip
curre nt.

- ~
- To assess the va lidity of the solution we consider the folLowing: ( 1) the convergence ol the

numerica l solution , (2) the solution of the geometry without a ground plane and dielectri c for
which theoretical and experimental results are given by then’ and Eggimann and Cohn ;7 and
(3) a comparison of the theoretical results for a microstrip element with experimental results
obtained using waveguide simulation techniques.

Data is then given illustrating the effect of polarization, incidence angle, substrate loss and
thickness , and array grid spacing. lt is shown that these parameters have a significant effect on
bandwidth , loss, and resonant frequency of the element.

B. THEORY

A circular microsir i p element may be used as a reflectarray element by mounting tiodes at
a fixed radius from t ~e center as shown in Figure 2. (Additional details of diode nounting
techniques and perforniance data can be found in later sections.) We note that this radius is
laiger than the feedpoin t mounts used by Phelan 3

~
4 ’5 for spiral and dipole elements. The basic

pri nciple of operation is the same as that described by Phelan .3 The phase of the circularly
polarized wave is controlled by shorti~g diodes at varying angular locations. In the p ane of the
shor tcd diode, the elenient is approximately a short. The orthogonal linear polarization couples
into the resonai t clem nt and approximately sees an open circuit.

An analy is of the  element with the diodes present would be very complicated. For m~ny
elements the iodes itt inima lly a ffect the resonant frequency and element loss. Hence , we
examine the ~ ometry without any diodes or a center shorting pin. This model predicts the
essent ial paran~ ters of loss and bandwid th. The exact resonant frequency depends on the diode
loading hut can ilso be predicted with this model within a few percent.3
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The problem thus reduces to the analysis of the scattering from a periodic :Lrray of disks

on a dielectri c substrate above a ground plane. We will only analyze the specular reflection. In an
actual reflectarray configuration , we note that an additional phase gradient is induced by the
phase shift element alk’ wing one to scan the reflected wave. This could be appmximate~y
naly zed by introducing he desired phase gradient into the scattered component of the field but

-. not done in this reporl .

The aiialysis of th i s geometry proceeds in a similar manner to that used by Montgomery8
iii analyzing polarizer problems. For completeness, we outline the solution , using similar
n i ’Ia tion .

We first consider the field in the absence of the microstrip scatterer. In the region z ~
we expand the h eld :

W~ 
( r ) ~ a c [exp(J~z) + Rm exp(-j7z)) exp(—j !cTOO ~T)  

~~moo ( 1)

U.~ C(r ) = 
~La~~ n~0 [exp(j~z) — R~ exp (—j~z)I exp(- -j k~~~ . !~) 

~ x~~~0 2)

and for O~~~z~~~d

Ej
~ (r) = b~~ ~in F z exp(—j kroo iT)1C mot~ 

(3)

U’~- (r) = j
~~~ b~~’ Loo C05 F z exp( --j kToo fT ) 

~z ~~ (4)

rn I

where

!~~ipq = t
~r + pk , + qk 2

= k0 sin 0 cos ~ + k0 sin 0 sin 0
= — 21r/A e~ x d 2 , k 2 2ir/A e1 x d,
~~~~~~~ 

, . 1,  ~½
~Y~~~~~~”~o ~~ipq ~~Tpq ’
F = (k2 — 

~ rpq ~~Tpq )~
Z

k0 = propagation constant of media , z ~ d
k = propagation constant of media , 0 ~ z ~ d

0,0 = standard spherical coordinates of incident wave

A = Id , x d .~ I, periodic cell area
d ,, ~~2 lattice vectors (reference Figure 2)
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!ipq 1~ Tpq /l !~.Tpq I’ TM modes

.~~ ~~~ 
= e~ x sc ipq ’ TE modes

‘i ipq k0ii0 /i, 1’l2pq =

E ,,~ , 
= ku/F, ~ 2pq =

= V1 (~~~~~~~~ ~~ 
=

Matching the field Equations ( 1) through (4) at z d, we easily find

flinoo + .i~ni.oo cot Pd
= exp(j 2yd) . (5)

fl~~0 — J ~~~0 cot I’d

and
I 

~ ~~~ 
am 

Inc csc Pd Iexp~ yd) + Rm exp(—j yd) 1 (6)

We note that when the d electric substrate is lossless, I Rm I = 1.

Now consider the l ield due to the scattered current density on the microstrip. For z ~ d
—

~~~~~ E?j . ( )  ~~~~~~~~~~~~~~~~~~~~~~ d~~q exp(—j7z) exp(—jk~ ,q IT ) 
~n~pq (7) 

- -

ll ?j . (r 
~~~~~~~~~~~~~~~~~~~~~~ n~ ,q d~~q exp(—j ’yz) exp (—Jk .~.pq IT) ~~z X 

~~mpq 
(8)

and for 0~~~z~~~d

~~ (_~) —
~~~~~~~~ ~~~~~~~ c,~~ sin I’ z exPt —J~~Tpq IT) 

~ mpq 
(9)

~~ (~) = i fl,~~ c,~~~ cos I’ zexp( J~ Tpq .!T) .~z x 
~ mpq (10)

Matching the tang ential electric field yields

d,,, ,,~ exp( --~~d) = Cmpq sin ~d I I )

The tangential magnetic field is discontinuous as determined by the current on the microstrip.

~~~ ‘11T ( z d ~ ) —  H.~ (z di~ L~!T~ 
( 1 2)

1
6
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when rT c microstrip element. Using Equations (S), (10), (11) and the orthogonality of the
Floquent m odes, we easily find

d~~q = —[ n ,,V’ 
exp~~ d) f  ~mpq ~ (pr ) expO~Tpq !i) d!i ( 1 3 1

where
= flmpq — iEmpq cot I’d

Th e  total electric field is a superposition of the incident field Equations ( 1), (3) and the
scattere d field Equations (7), (9) [using Equations ( 11) and (l3)~. For z > d  we have

E1 (r) = 4~ C I exp(i yz) + Rm exp(—j yz) I exp(—jk~~~ x~) 
~~moo

m 1

~~~~~~~~~~~ ~~~~~~~~~~~~ 

exp(j’yd) f  ~ mpq 1(r~r ) exp(ikTpq I~r ) dt’1’

r T E A

axp (—j yz) exp 1T cA’ (_
~kTpq r.J.) 

~ mpq 
( 14)

All boundary conditions have been satisfied now except we must still force the tangential electric
field to vanish on the surface of the microstrip elements. Equating Equation (14) to zero at z = d
over t h e  element surface yields the desired integral equation for the current density. A Galerkin
solu tion is used to solve the integral equation. We expand the current in the series

1(

~~

) ~~~~~ gfl u n  (r1 ) (15 )

where ~ 
(r1) is a convenient basis. Substitution of Equation (15) into the integral equation and

the subsequent inner product with bv~IT ) yields the matrix equation
- -- 

~~~ a~~ (exp(j ’yd) + Rm exp(—j7d)J 
~moo 1i (k1~0)

In = 1

g11 f ~ 

I n~ r’ ~mpq ~~ (iCTpq) !~npq n (Icipq ~ (16)

~
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where

~ (~~ pq ) = f h(r~ ) exPOkipq !~ ) drT (17)

and the asterisk superscript is complex conjuiation.

The basis need oi ly be chosen such that as N-l.eo the representation is complete. It is
convenient to choose th~ basis to be the dual of the waveguide orthonormal basis 

~~~~~
(!

T
) or

= c~ x ~~~~~ Thus, the current component normal to the element edge vanishes since
the tangential component of the electric field vanishes. We note that the form of the
Equation ( 16) implies that nonorthogonal basis functions can also be used as long as we can
evaluate the l ourier tn nsfonn Equation (17). Thus, basis functions which satisfy the edge
condition can also be us~ d.

Although Equatior (16) is arbitrary in the shape of the microstrip element , we will oni y
consider circular microst r ip elements in th is paper. The Fourier transform of circular waveguide
model functions is easily found in cylindrical coordinates. Borgiotti9 and Amitay, Galindo and
Wi, ’0 have given the desired results.

We note that Equation (16) is very similar in form to the equations encountered in phased
ar ray ~ In fact , existing phased array computer programs can easily be modified for our
pu rpose.

C. POLARIZATI ON AND SCATTERING CHARACTERISTICS

The equations in the previous subsection were based on expansions in terms of waves TM
and TE to z. For z ~ d, only the propagating modes contribute and we can define a scattering
matr i ’c by using liquation (14) . For single mode propagation, we defin e the scattering matrix
notation

b , = S,, a , + S,2 a2 (18a)

b2 = S2, a, + S22 a2 (l8b)

where a1 (a2) is the magnitude of the TM(TE) incident field and b , (b 2 ) is the magnitude of the
TM(TE) reflected field.

Since the contemplated use is with circularly polarized fields , it is desirable to relate Vie
TM-IF scattering matrix to the circularl y polarized scattering matrix.

b, Srr ar + S rQ a~ ( P a )

b2 = SQ, a, + S~ a2 ( I  9b)

where the subscripts r and Q are short for right and left handed circular polarization.

8

IL
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To relate I- h uations (18) and (19), we consider the following. For the reflected fields, we

can define right- and left-handed basis vectors”

e, =~~~~Ie, — j e ,1, e — ~=I e8 +j e,1 (20)

For the incident fields, the basis vectors are the complex conjugate of those in Equation (20).
The theta and phi components of the complete spectrum (i.e., transverse and axial components)
are easily found to be

~ b = b , / cos0e~ - b = b 2 (2 1)

where h is the complete spectrum and ‘
~
‘ = k0 cos 0. For the reflected fields we use Equations

(20) and (2 1) and find

(b , /cos 0 + j  b2 ]  ( 22a)

~~Q =
~~ Q • b = ~~~~[b~/cos 0~ j b 2I  (22b)

Similar relations hold for the incident fields. Using these relationships we find:

Sir =~~~ [(S ,, — S22 ) + j  (cos 0 S2, + S12/cos 0)1 (23a)

S~ = [(S ,1 + S2 2)  + j (cos 0 S2, — S12fcos 0)1 (23b)

S~, = -
~~ [(S ,, + S22) — ~ (cos 0 S2, — S12/ cos 0)1 (23c)

SQQ 
= 

~~
. [(S ,, — S22) — j (cos 0 S21 + S,2/cos 0)] (23d)

The axial ratio of the reflected wave is given by
. 

I Ih ,.I 1b2 1
H p —  (24)

Ib r I + 1b 2 1

Other par~ meters of interest such as polarization loss are similarly found.

As i simple example of the prin iple of the reflectarray, we consider scattering by two
orthogonal elements as shown in Figu re 3 We can easily reason that

S,, = —cos 2a S2, —sin 2a

S,2 —sin 2a S22 cos 2a

~
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Thus, the phase shift is equal to twice the
rotation angle.

2 )8916 D. NUMERICAL ASSESSMENT

Figure 3. Geometry of I dealized Element This subsection presents the results
which illustrate the convergence of the
solution, comparison with other theoretical

and experimental data, ;ind compares the theory with new experimental results obtained using a
microstrip element in a waveguiile simulator.

The necessary check of conservation of energy was applied to lossless structures and
agreement obtained to the precision accuracy of the IBM 370 system in the single precision
m ode. Perhaps the mos t interesting data was obtained in a short study of the selection of disk
modes. Chen ’2 has refe renced the work of Mittra ’3 and Lee’4 as a foundation of convergence
theory . The relative convergence phenomenon requires proper selection of the ratio of the
numbe r of modes on the disk and the number of Fhoquet modes. Mittra 13 and L.&4 have
studied geometr es defi ‘ed by constant Cartesian coordinate values. Mastermann 15 has studied
cyli ndrical geometries .is well. In general, the modes must be chosen so that the modal
coefficients have the proper edge condition. Mittra and Lee” have shown that the current at the
edges of the disk must be have as

J,(j1)=01 — r)’~ r-’ a

~~~~~ 
0[(a •— r) ~J r~~~a (25b)

We may relate these conditions to the asymptotic value of the coefficients, g~. For a constant
angular index , we examine the cylindrical modal functions for Large radial indices and find that
in order for the series to sum to the singular values in Equation (25) we must have

0 (m ’12 ) , m -~eo 
, TM modes

= (26)
0 (m 312 ) , m -~o~ , IF modes

where m is the radial index for a constant angular index.

Before using Elluation (26), we consider plotting the data similarly to previous
~“,th ors;13’14”5 i.e., vai y the number of disk modes for a fixed number of Floquet nodes.
I igure 4 illustrates the susceptance of two disks in a waveguide as a function of the m iximum
r dia l inde x , In m~x . For the case of a maximum Floquet index of Pmax = 4 (i.e., 81 Floquet
n odes since ~~~ 

= 
~h ,n a , , )’ there is an abrupt discontinuity at mmix = 3. This is the value

indicated by the equation
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I d 1~ 1
Pmax = [ -

~~ 
mmax j  (27)

‘imilar hehavios is noted for Pmax = 10 but is npt as abrupt. We note that there is little
difference in the results obtained using modes which have a maximum angular index of I and 3.
~l l,c heavy solid line in Figure 4 indicates the convergence of the data with mmix = I and the
m odes chosen according to Equation (27). Figure 5 illustrates the behavior of the mode
c efficients for this case witl mmix = 13 and the Floquet modes chosen according to
I -~ uation (27). The asymptotic l ehavior as given in Equation (26) is satisfied quite well except at
the largest indices. This I ;  similar to the results found by Lee.”

Thus, for the re~ ilts in this analysis , we generally use the mode choice of 1
~max =

111i I a x  = 7 Wit ! Pmax ac ording to Equation (27). Of course, in cases where symmetry can be
used , it is. II is interesting to note that frequently in phased array problems, the modes are
chosen on a physical ba-is of cutoff frequency and symmetry .’7 The edge singularity in a phased
array is much less abrut t than the disk edge in the current problem. Hence. the mode choice is
not as critical. Here, an incorrect mode selection can cause significant error.

Figure 6 illustrates the more complete results of the configuration examined for
convergence above. Shown for comparison is theoretical data of Chen’ and the experimental
data of Eggimann and Collin. 7 We note that much better agreement with experiment is obtained
with the chosen mode selection.

Figure 7 ilIustrat c~ the susceptance of the disks as a function of the disk to ground plane
dista nce. The disk suscepi ance was obtained by using

B B ~~+ cot -y d (28)

where B-r is t i susceptance of the disks above the ground plane at the plane of the disks. We
note that the ~usceptance is independent of th~ ground plane when d/Xg ~ 0.05. For smaller
spaci ngs, the higher order modes couple ~ ith the ground plane and alter the disk susceptance.

The most convincing check of the theory is a comparison with a microstri p experiment.
Figure 8 illustr ~ es a comparison of the simulator measured reflection coefficient with the
theoretical. The phase is refe renced to the ground plane in both cases. Excellent agreement is
obtained . We note that the r~ sonant frequency is predicted to within 0.2 percent. This degree of
agreement was mn ade possible by: ( I )  measuring the dielectric substrate parameters with a
waveguide cavity, (2) correcting the data by using the measured scattering matrix parameters of
the simulator , and (3) using the automatic network analyzer.

It is interesting to note that in the simulator both the p = 0 and p = — l modes propagate.
However, these modes arc degenerate and t h e  total reflection coefficient is obtained by their
superposition. 

_ _ _ _
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E. THEORETICAL RESULTS

The expe rimenta l data illustrate s that the return loss at resonance is about — 1.4 dB.
Similar data was observed with the diodes mounted in the element. In fact , this theoretical stud y
was initiated to find the source of this loss and possible techniques for reducing it. As is clear
from the data. the loss is due to the dielectric. It is well known that microstrip losses depend
strongly on the substrate thickness.’8 Figure 9 illustrates the reflection coefficient in the
simulator environment for an 0.3048-cm substrate. We note that the resonant frequency has been
lowered and th return loss decreased to about —0.7 dB.

Figure 10 illustrates the effect of decreasing the element spacing. The loss at resonance has
de reased to about —0.4 dB. We note that this data also illustrates the effect of the loss tangent
on he resul ts. lhe  loss tangent e ffects the reflection coefficient phase minimally. The dielectric
loss primarily changes the magnitude of the reflection coefficient. This data is calculated for the
cast of 0-degree incidence angle. As a comparison , Figure 11 illustrates the 0-degree incidence
cast for the geometry examined in the simulator. The incidence angle variation primarily effects
the resonant frequency. • I’he loss characteristics are essentially unchanged with scan angle. In
con paring the results of Figures 10 and 11 , we note that the grid selection has lowered the
resonant frequency by about 3 percent. It is interesting that we can calculate the resonant
frequency of the isolated disk using Itoh’s’9 theory as given in Coen and Gladwell.2° For the
current parameters we find (using the gate function) that f0 = 2.832 GHz when d = 0. 15022 cm
and f~ = 2.707 GHz when d= 0.3048 cm.

Figure 12 illustrates the combined effect of an increase in substrate height and decrease of
grid spacing. The resonant frequency has decreased ftirther and the return loss at resonance is
now less than 0.2 dB.

The above data has shown that it is clearly possible to dramatically change resonant
freque ncy and loss by the selection of substrate thickness and grid spacing. All the data was for
TE incident polarization either in a simulator or at 0-degree incidence. Figure 13 illustrates the
ef fect of po lariza lion and incidence ngle variation at a single frequency. The resultc are
somewhat indistin ~ uishahle between TE or TM polarization out to 0 = 40 degrees. Howeve’ the
phase of the refle~ tion coefficient (and I ence the resonant frequency) is a strong function of the
incidence angle. 1 he magnitude of the i ~flection coeflicient changes little with incidence angle.

• Implicit in the data presented thus far has been the bandwidth. However , we must be
careful in defining the bandwidth.

If we consider the array to be a resonator, the 3-dB bandwidth is dete rmined from the
frequencies where the reflection coefficient has the magnitude 2 ’

IRI2 = (iR~j
2 

+ iR ’
~
2 )/2 (28)

where R1, is the reflection coefficient at resonance and R’ is the reflection coefficient far away
from resonance. If 1R0 1 = 0 and IR ’I = I . we have the well known result that R = ½. For example,
the bandwidth of the element with the data in Figure 8 is approximately 70 to 8f~ MHz (or
about 2.6 percent ) . The bandwidth of the compact grid example in Figure 10 is app ’ ix imatcly
181) MHz (6.5 percent). The low loss example in Figure 12 has a bandwidth of appioximately



• -~~~~~~~~~~~~~~~ -
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360 MI-h (14. 1 percent 1. Hence , all effort s to decrease the loss have also increased the
bandwidth.

However, or the reflectarray ‘node of operation the half power bandwidth may not be tht.
• 

~lesired measurt of bandwidth. A more meaningful bandwidth measure can be derived by
considering the ‘olarization characteristics of the array. In particular, the limiting factor is easily
seen to he the depolarization of the reflected field. As an example, we consider that the short
circuit re tiect ion coefficient is perfect and equal to — I . The open circuit reflection coefficient is
assumed to have only a i hase error and to be equal to exp4ljO ). We can easily find that the cross
polanza$ on of the reflect field is:

cos 0
cross polanzation = I

~ 1 + cos 0

A phase ciro r of 35.1 degrees causes the cross polarization to be —10 dB, while an 11.4-degree
erro r causes a cross polarization level of -20 dB. Thus, we see that the cross polarization
bandwidth is as much as an order of magnitude smaller than the half power bandwidth.

L 18
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SECTION III

EVAL UATION RESULTS

‘
~
. PRELIMIN ARY EVA LUAT ION

Objective

The objective of ‘his initial evaluation was to gain additional understanding, based on
n~ asti red data, into th~ operating characteristics of the basic microstnp antenna element
pz ticu larl y in the area oI increasing the useful bandwidth.

— 2. Test Arrangement

The measurements for this evaluation were made using a manually operated network
analyzer. The test setup block diagram is shown in Figu re 14.

DISK ELEMENT

NETWORK ISIGNAL 
___ ANALYZER _ _ _ _ _ _ _ _  —GENERATO R R EFL ECT ION -

UNIT
0~~~~~~~~

-a —
—

x - v
PLOTTER

208927

Figure 14. P,eIIm&n~iry Evaluation Test Setup
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3. Test Procedure

The preliminary evaluation consisted of two series of measurements. The firs t measurement
series were made on an air dielectric element excited at the coaxial ports and operating in the
I -ansmission mode. The voltage reflection coefficient looking into the coaxial port was measured
a a function of frequency and the element’s height above the ground plane while radiating into
I i  e space. The dis tance, b, between the coaxial port and the element’s center was held constant.
‘I - e second measurement series were basically the same as one except these elements were built
0l 0.06-inch-thick Teflon-fibergl ass material. In this instance, the input reflection coefficient was
,nt zisurcd as a function of frequency and element geometry.

4. Measured Data

The element under consideration is the center-s~iorted circular disk element ‘I ~own in
Fi~’ure 1 5. WI en operating as a transmissive element , this devi ce is fed by an offset ele tric field
probe at a p’ m t  within the perimeter of the element. The resonant impedance of the element is
determined I v the height of the element , the dielc-~tri c constant , and the distance from the
center at which the probe is located. The resonan frequency of the element is determined
primarily by the dia meter of the element when the cavity formed by the disk and an (assumed)
magnetic conducting wall joining the upper and lower conducting surfaces around the periphery
will operate in he H0, mode. [‘he resonant frequency is approximately even by

f0 1 .841c/2 ir a sjer (29)

where the multiplicative constant is the firs t zero of the derivative of the first order Bessel
function , c is the free-space speed of light , a is the radius of the disk , and 

~r is th e dielectric
constant of the substrate.

Figure 16 shows the radius of the disk element over the frequency rang~ from 1 to
3 ; ( ;H~ for various dielec tri c substrates. In the order of increasing dielectric constant, these
rc!’resent designs for air , TeIlon-fiberglass, alumina , and silicon , respectively. The choice of
di~’Iec tr i c material will depend on the relative density of elements required by the scan volume
anti to some extent , on the tech nique chosen for fabrication of the element. 

—

Figure 17 shows the summarized results of the measurement on the air dielectric model.
The element radius, a, was equal to 2.31 inches. The ground plane radius was greater than Wa.
Plotted as a fu nctio n of the ratio of the element’s radius to distance above the ground plane,
d/a. arc the measured resonant resistance . R 8 normalized to 50 ohms, the resonant frequency
plot ted as a percentage difference from I he calculated value and the bandwidth e~pressed as a
percentage of the re- -)nant frequency, f0, n which the input VSWR is less than 2 :1 .

The search fo - bandwidth improvement by modifying the element’s shape was not
successful. lilement gt ometries evaluated included the one suggested in the proposal in addition
to other shapes consist ing of a disk surrounded by one or more concentric rings. The disk radius
was maintain e d at 0.723 inch. The rings were typically spaced at 0.020 to 0.030 itich and their
width varied between 0.050 to 0. 1 00 inch.

‘4o bandwidth iri - provement was observed.
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Figure 15. Center-Shorted Circular DW Element

B. PRIMARY EVALUATION

I . Objective

The object ye of his evaluation is to determine the feasibility, performance. and design
I irn i iations of a d ode-b a- led microstri p antenna operating in the reflection mode.

2. Test Aryan ement

The test setup used for this evaluation is shown in Figure 18. All measurements were made
using the Hewlett-Packa rd Automatic Net ’ ‘ork Analyzer to ensure the accurate documentation of

L
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Figure 16. Radius of Disk Element Ve- ~us Frequency With
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both am plit ude and phase at known f requencies. The lest fix t u re was a waveguide dual-mode
t ransducer, Figure 19. Since each port excites the TE ,0 and TE0, modes with equal amplitud .‘s,
the resultant fields are diagonally polarized modes.

Consider the similar geometry and the diode placement as shown in Figure 20. The
i - crostri p element will in general couple the TE 10 and TE0, modes. The exceptions are when
a 0. ir/2 . ir , and 3i’/2. Only at these angles will the simulator give valid array simulation. As an
c ’a mpk . consider that only the TE 10 mode is incident. This mode simulates an H-plane
in -idence IF polarization ) . In the simulator , if the orthogonal mode is excited it also proj ’agates
in the orthogonal plane with TE polarization. However , when a plane wave excites an array , this
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cross pola rization is propagated away in the
same plane but in the E-plane (TM polar-
ization) . Hence, the waveguide does not
simulate an array whenever 2ross polariza-
tion is excited. Only at multi t les of a w/2
is there no cross polari zation excited. How- DIODES
ever, we would expect the results to be
approximately valid if the E and H plane
performance is similar. The theoretical
results support this and , th us, we can use 

I

the simulator with an arbitrary a within this 
— ___________ ________ ______ —approximation.

The test fixture ’s ports I and 2 were —
a ttached to the analyzer and represent the
m e a s u r e m e n t  p lane  of reference. The
clement unde test was attached to the
squa re wavegusde end of the fixture , ports 3
a nd 4. The rcrformance plane or the plane
of reference t which the element ’s perfor-
mance is spec- ied is represen ted by its front
surface. 208933

3. Test PrOtedure Figure 20. Diode Placement In Simulator

The test procedure followed to characterize the reflectarray elements consisted of first
determining the test fixture’s transfer parameters between the planes of measurement and
performance.

The test fixture is modeled by the following matrix to relate measured port I and 2
rellection and transfe r parameters to the element arameters at ports 3 and 4.

b 1 s,, 0 s,3 s,4 a ,
b2 0 ~22 ~23 534 a2 (30)
b3 s,, 

~32 S33 0 a3
b4 54~ S42 0 s~ a4

where s,2 , ~2 L ,  s~~, and $43 were m asured to be of the order of —50 dB and were m easured to
be zero. Then, by definition

b3 = R3a3 (3 1)

and

b4 = R4 a4 (32)
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where R3 m d  R 4 are the re flection coefficient of ports 3 and 4. Then takiag into account the
guide impedance and reciprocity the following equal ions were written :

= ....~i (33)
ZR Z~

= (34
Z~ Z~

~~ ~~ (35)
ZR Z~

=~~~ - (36)
Z~ Z~

w!,e rc ZR is the rectan~ ml ar guide impedance and Z 5 is the square guide impedance. Combining
f~~iua t ions (30) through (32) the following equations resulted :

SI, ’
~~~~- I a 2 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (37)

b2 S23 - S32 R~ S24 - S42S22’ = — a 1 = 0 = S22 + + (38)
a2 ( I — S 33 R3) ( l — S44 R4 )

b2 S23 - S3, ‘ R 3 S24 - S41 
.

S21’ = — a2 = 0 = + (39)
a , ( 1 — S33 - R 3) ( l — S4.~~~R4)

and

S13 S32 R 3 S,4 . S~3 R4= — a , = 0 = — + (40a2 ( 1  — S33 
. R ,) ( 1 — S~ - R4)

Then ports 3 and 4 were loaded so that S,, and S2.~ were determined from Equations (37) and
( 3d). llcn c:

S ,, ’ = S , 1; R 3 = R 4 = 0 (4 !)

S22 ’ = S 22 R3 = R 4 0 (42)

By using a sliding short at port 3 and a load at port 4, and reversing the ports, the ~1lowi ng
equations resulted :

R3 B(S ,, A3 — 
S11) — 

R 3A(S,,’B 3 — 
S,)

S33 = 
R3 A R3 B - (S 11’ — A3 — S,, B4) 

— 
; R4 0 (43)
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and
R,B(S,, A., — S , , ) — R 4 A(S ,,’B4 — S ,1) 

— -S.,., — -— R3 — 0  )
R4 A - R.,B - (S,, A., — S,,’B .,)

where R 3A am R 3 B represents a zero short and a I-inch offset short , respectively, at port 3.
Then the foIlo’~ ng equations were derived us ng Equations (37) and (38):
- 

(I  — S .,., - R4 A) (S,1’A., — S 11) 
—S,4 S4, — , — 0 (45)

s,3 s31 = 
( I  — S33 • R3A)(S,,~A3 — S,,) 

; R 4 = 0 (46)

— 
(S 22~ A3 — S22) ( 1 S33 R3 A) 

—S33 S32 — , R4 — ( 7)

and

- 
(S22 A4 — S2 2 ) ( 1  — S44 R4 A 

R -0  (48)24- 42 R.,A ‘

Eq mations (33) througl (37) were used to resolve the above products. The follow ng equations
re~ il ted:

- — _ _ _ _ _  

_ _ _  

_ _ _

~ 41 Z~ 
(4~~

IZs - S,3 S3,
= 

~1 ZR 
(5 0)

IZ s . S23 S32
S32 =~ J ZR 

( 1 )

and ____________

— !Zs - S24 S.,2
= 

~/ ZR 
(52)

Where the sign I the hove radicals were determined by substitution into Equations (39) and
(40) and compa iiri g wit h measured data. The test fixture was characterized on the automatic
network analyses (ANA ) using GPM-l. To accomplish the characterization , the 1~NA was
calib rated in rectangular waveguide (WR284) . A standard calibration kit  (slid ng load ,
termination , zero short , offset short , two Naveguide to APC7 adapters) was used to a ~complish
this task. The measurement plane was established at the surface of the wavegu de flange
(Figu re 18). Ports I and 2 of the test fixture were connected to the ANA (Fig -re 19). A
terminat ed square waveguide was attached to ports 3 and 4, and measurements were r ade. Then,
a sheet of polarization grid paper was placed in front of the square waveguide termination.
Measurements were made with the grid aligned with each of the principle planes of the square

32
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waveguide. Next , am extension (2.460 inches long) was placed between t he  polarization grid and
ports 3 and ~~, and measure mvents were made. The terminations were assum ed to be perfect loads
or shorts.

The lollowing relations along with the test fixture characterizations relate the element
performance at thy plane of measurement to the element perform ance at the plane of
performance.

1:1 =r [
~:1

r =  (R 33 R~1 (54)
LR 43 R441

and

F’ ol — 
[(Son) (S n)1 [a o (55)

[b , j — 

[(S ,0) (S1, )j ta m

By parti t ioning the test t ixture  matrix as shown above and using m atrix algebra , the following
equations were derived :

in = I(S I m )  + (S ,0 ) f ( M) - - (S~~) J— ’ (S01)J 
1 (56)

where

[MI = [ ::: :::1 
(57

The matri x “M” repi ~sents the measurements made at port s I and 2 with the dc i  ent installed
in the test fixture . By using Equation (56) and the characteri zation scatter matrix , the
measurement plane ~‘as transla ted to the performance plane. To check the va l lity of the
measurement system. a short rig plate was placed at ports 3 and 4. The data from l i e  ANA was
translated by compu ’ ~r prog- am. Figure 21 shows a plot of the complex reflection coefficient
versus frequency. T e errors in the reflection coefficients represent the combination of
measur ‘nent errors a d the erro rs resulting fro m the assumption of perfec terminations.

4. Ri flectarray Element Fabrication

Th~ diode-loaded microstrip ante nna elements which were tested as part of this evaluation
consisted of the four piece-p~ rt assembly shown in exploded front and back views in Figures 22
and 23. ‘he microstrip element is defined on the front metalization of one of the Teflon
fiberglass 0.06-inch material , Figure 22. The hole in the center of the element is initially used as
part of the al ignment guide to match drill the holes to mount the diodes. The backside gr oun-I
pla ne, Figure 23, of this piece part shows the metalization removed in those areas reserved I r
diode mounting to prevent the lode mountin g post shorting to ground. The second assem v
part is the dielectric material (0.( 01-inch-thick Kapton) used to fo rm the mic owave capacit rs
required lot the bypassing of each diode. The third part is a second piec of double-si ed
dielectric m aterial. The meta lization which will be in conta t with the Kapton is etched to l irm

ie bypass capacitor s top plates. The backside metal m s etched to a similar pattern for
c onvenient e and serve as a bias contact. The center hole i~ used for alignment. The remaining
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/ ~~~~ FLYING LEAD - GOLD RIBBON

0.2 (MIN) 
(0 .0005 BY 0 .005 N O M I N A L)

DIOD E CHIP (1’ I-MDB7I)
- 0.015 BY O .ol~ (MAx)

O .5 (MIN) GOLD PLATED BRASS ROD

—4 ~~

,-__ 0.030 (MA X I M U M )
208937

ALL DIMENSIONS IN INCHES
Figure 24. Reflectarray Diode Assembly

holes are plated-through to allow contact between the diode mounting post , the capacitor top
plate. and the bias pad . The fourth piece part is the diode subassembly which consists of the
(bode (T l-MD S7I), the diode mount/bias post , and the “flyi ng lead” conta cting the top diode
meta lization. This subassembly was a purchased part . The diode’s reversed biased capaci tance was
less tha n 0. I 5 b* and its series resistance is less than 2 ohms. A drawing. Figure 24 . shows
further descript ion.

The etch patter ns were de fined using standard photo lithographic techniques. This process
was necessary due to t he  tight tolerancin g and close metalization/component spacing. The

- 
I element shown in Figures 22 and 23 allows up to 16 diodes to be positioned at 22.5 degrees

spacing, 0.2 15 inch fro m the e ement ’s center. Other elements were fabricated for evaluation
which had provisions for two , fi ur , or eight diodes.

~I he assembly procedure in all cases firs t consisted of placing the two etched boards
together and properly aligning using the center guide hole. The diode mounting holes w ere then
matched d rilled through both pieces mising an 0.03 I-inch drill. After hole deburring and cleaning.
Ihese pieces were soldered together along their outer edge with the Kapton dielectric sandwiched
in the center. Alignmen pins were used during this step to ensure th at all parts were in their

• t - j iroper place. The diode -ubassembly was then inserted in the previously drilled holes. puncturing
t I ,  e Kapton in th e process to a position where the diode was approximately 0.O ’O inch from thc

e ~ment s surfaces. The diode mounting post was then soldered to the plated-thro ugh hole
ii ‘t ali , .uti on an d the di ode’s flyi ng lead was bonded to the top metal. Figure 25 shows a
c. s.s-scctional view of the diode mounting. The final assembly step was to expose the clement ’s
gt - u nd plane near the center from the back so that the element could be ground at this point
and a wi re attached to serve as the common lead for dc biasing the diodes.
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208939 (71—20) 1

Figure 26. Reflectarray Microstrip Element: 16 Diodes—Front View

- 
- The completed assembly is shown in Figures 26 and 27. The back board is made large r so

that its metalization which is soldered to the element ’s ground plane can provide the necessary
grounding to the test fixture ’s waveguide flange. The diodes can be independently biased by
connecting a dc supply between the common lead and any given diode mounting post.

5. Measured Results

The results of the primary microstri p antenna evaluation are presented in this subsection
to demonstrate its performance with diode loading. All perfo rmance is re ferenced to the
element’s front surface. The design and fabrication of all elements to he described is exactly the
same, the only difference is the number of loading diodes.

- - The first performance presented is the 4-diode element , Figure 28, Figures 2Q , 30, and 3 1
• show R33, R44 and the cross-coupling parameter R34/R43 as a function of frequency near

resonance. The forward/reverse bias diode state is descri bed by 1010 (plane 44’ diodes on . pla ne
- 

: 33’ diodes off) and 0101 (plane 33’ diodes on , plane 44 ’ diodes off) . In the plane of the
forward biased diodes, the magn it ude and ph ase of the elemen t ’s reflection coefficie nt (i .e ., R44

— . in Figure 29 and R33 in Figure 30) are seen insensitive to frequency. o n  the other hand , in the
- plane of the reverse biased diodes, the reflection coefficient is seen to vary in a manner similar
- 

to the element without diode loading. The difference in performance for the two diode states
- can be seen more clearly when the data from Figures 29 and 30 is plotted as shown in Figure 32.

- R44 (1010) and R33 (0 10 1) data points are so close together only the lowest and highest
- 

- frequency points are plotted. Also plotted are the calculated forward and reverse bias diode
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Figure 27. Reflectarray Microstrip Elements: 16 Diodes—Back View

POR T 3
- -

I
PORT 4’ ~~- . ‘ . . PORT 4

PORT 3’
208941 (71—4)

FIgure 28. Reflecta rray Microstrip Antenna : 4 Dlodes/90.Degree Spacing
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Figure 32. Reflectanay Mlcrostnp Antenna Element Performance
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impedance. Good agreement exists between the frequency at which the element has its best
performance and the frequency at which the diode’s reflection coefficient has a 1 80-degree phase
diffe rential.

Figure 31 hows the element ’s cross-coupling performance for the two diode states.

Figures 33 and 34 show the effect on the reflection coefficient in the plane of the
I )rwurd-biased diodes between both diodes on , or one on and one off.

Assuming the legitimacy of combining the elements reflection coefficients into a resu ltant
ri lected E-field vector , by simple ye- :tor addition , element performance can be expressed in
p ase shifter parameters. For examplt . Figure 35 presents the differential phase error between
di ‘de states and Figure 36 shows the iesultant E-field amplitude for the same diode states. The
re Jection loss in the vicinity of 2.91 GII z is approximately 1.6 ±0.3 dB.

Figure 37 shows a 3-bit phase shift realization using eight diodes. The diodes ~ire spaced at
22.5 degrees. The numbers by the diodes indicate the phase state with state I being used as the
reference. Figures 38 through 49 present the element’s per formance for each phase state .

Figu res 38 and 3(1 show R33 and R44 plotted versus frequency about the e1em~nt ’s center
frequency for diode on-p or five forward-biased. Figure 40 shows the same data p ’otted on a
Smith chart. Figure 41 shows the cross-coupling performance for diodes states 1 .nd S. Also
shown is the state where all diodes are reverse-biased. Figures 42 through 47 show R33 and R44
perfonnance fbr diode states 2, 3, 4, 6, 7 and 8. Figures 48 and 49 are plots showing the 8-diode
element su n  t ar to the 4-diode performance of Figure s 35 and 36.

C. ANAl. YSIS

• The v~iri ation of the parameters shown in fi gure 17 can be related to the relationship
between the disk fri nging capacitance and its capacitance with the fri n ging capacitance ignored
(di rect capacitance). This ratio is directly proportional to the d/a ratio. For example. as d/a
inc reases, the percentage of the fringing is increase d relative to the direct capacitance. if the
capacitance ra tio is near zero , equivalent to d/a approaching zero, the cavity which is assut ted
formed by the upper and tower conducting surfaces would have a diameter equal to the disk
‘ti an)et cr . For nonzero capacitance ratios , the element can be viewed as a cavity with an effective
~~~~~~ grea ter than the actual disk radius. There fore , the di fference bet ween the measured and
the calculated resonant frequency approaches zero as d/a approaches zero .

For a lixed coaxial port position , the b/a ratio varies inversely as d/a with a corresponding
decrease in the measure d driving resistant ‘ . The elem ent bandwidth can be viewed as determ ined
by the loading of the generator impedan ‘ at the coax input and the loading effect of free space
(i.e., the disk radia tion elliciency). At  small d/a or , equivalently, d/X 0 ra t ios, radiatio n
approaches zero, the generator loadings app roach a constant , allowi ng the bandwidth to become
a constant. As d/a increases, the bandwidth should increase. The parameter variation over the
i ndicated cl/a range shows these trends.

The bandwidth improvement evaluation produced no noticeable bandwidth increase for the
chosen element 1~,pograpltics. The criterion for this evaluation was the coaxial port reflection
coefficient versus irequency.

_ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _  
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Figure 37. Reflectarray Microstrip Antenna: 8 Diodes/22.S-Degree Spacing

The diode-loaded performance is dominated by the narrowband characteristic of the basic
microstrip element. The reflection coefficient in the plane orthogonal to the shorted plane has a
variation because the incident energy is coupled to the element and then acted upon by its
self-resonance. On the other hand , in the plane of the short , the incident energy is essentially
prevented from coupling to the element and sees instead the composite effect of the diode,
bypass capacitors and the associated parasitics . The element ’s center of performance is seen to be
located very near the frequency at which the composite diode ’s reflectio n coefficient angle has
an 180-degree differential between the forward and biased conditions. Figure 32 shows this fact
most clearly.

Figure 31 shows the cross-coupling terms R43 and R34 to be low. The characteristic
shown here is essentially that of the test fixture. Measurements which were made looking into
orthogonal coaxial ports agree with these reflection values. The element in free space has
measured isolation between orthogonal planes greater than 40 dB.

Figures 33 and 44 show the performance differenc e between one and two diodes per
plane. The sin gle forward-biased diode data , rep resented by the dots , is an average val ue of the
two individual diode measurements (i.e., states 1000 and 0010). The triangles represent both
diodes forward-biased. As mentioned previously , the element reflection coefficient in the plane
with a single diode forward-biase d agrees very well with the reflection coefficient of the diode.
The two-diode results confirm the fact that they tend to reinforce each other to produce a
reflection coe fficient closer to the ideal.
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TABLE I. REFLECTARRAY MICROSTRIP ANTENNA PERFORMANCE
8-I ‘lODE ELEMENT, SPACED 22.5 DEGREES

FREQUENCY = 2.83 GHz

Reflected E-Field

~~~~Diode Absolute Delta Cumulative Error
Conf~~~ation Amplitude Degrees Degrees Degrees Degrees

0.0 0.8i 112 .0 — — —

I - -
22.5 0.83 61.6 50.4 50.4 +5.4 I -

45.0 0.F~9 11 .2 50.4 100.8 +1(1.8

67.5 0.~)4 —29 .9 41.1 141.9 +1 .9

90.0 0.86 —68.0 38. 1 180.0 —

112.5 0.82 —114. 9 46.9 226.9 +1.9

135.0 0.86 —160.9 46.0 272.9 +2.9

1 57.5 0.90 158.9 40.2 313.1 — 1.9

Figures 35 and 36 show the 4-diode element performance in phase shifter parameters.
Figure 35 shows the differential phase error from the 180-degree nominal value resulting from
switching the planc of the forward biased diodes 90 degrees. Curves are shown for both one and
two diodes forwa rd biased in a given plane. The most noticeable difference for these two
configurations ~s a slight center-frequency shift . FiguTe 36 shows that the cross-polarization
haracteristic is the bandwidth limiter.

Figures 38 through 41 show the orthogonal-plane plane performance for an 8 diode loaded
c ~mcnt. This per l- rmancc i - . seen to be -;imilar to the 4-diode element pres- nted earlier.
hgUn~ 41 shows the cross-coupling terms. Th~ third curve represents performance v~ith all diodes
reverse biased.

Figures 42 through 47 how th~ element performance when diodes 2, 3, 4, 6. 7 and 8 are
m d  vidua lly forward biased w t ile the other Oiodes are reverse biased. At and near band center ,
the performance is as pied eted. I igures 38 and 39 show this element’s performance by
presenting the phase e -rot frou t nominal and mplitude variation of the resultant E-tield reflected
vcclor. The results ar.~ simila - to the 4-diode performance. That is, the bandwidth is severely

- 

- li m ited by t f~e cross-polarization characteristics.

Table I shows the element ’s center frequency perform ance. The first column, diode
configuration, corresponds to individually fo ward biasing diodes I through 8 with the remaining

• diod~ s reverse biased. The amplitud colun n shows the magnitude of the resultant reflected
E-fleI I for each phase position. The -em ainii g columns indicate the reflected phase performance
by f i r s t showing the absolute p1 ise ; second, the incremental phase between the diode
configurations ; third, the cumulati’ c incremental phase ; and fourth, the phase error from
nom inal.
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The 16-diode element performance was approximately the same as the 8-diode element
The presented data is Intended to show its performance.

The diode contribution to the total element loss is approximately 0.2 to 0.4 dB. The
conclusion is based on comparative measu rements between elements using diodes and elements
using mechanical shorting pins.

I
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SECTION IV
- ADDITIONAL CONSIDERATIONS

ihe ‘enient fabri cation techniques used in this evaluation are applicable through X-band.
~ A -ove this Inge, monolithic techniques must be used along with reduced dielect ric thickness to

n~ nimize pai usitic effects.

The in egration of monolithic diode driver and logic circuitry is a straightforward process
and would c nsist of an additional isolated i tetalization layer attached to the element backside.

Diodes are currently available which would allow element operation through 15 GHz.

A single-diode element (similar to that described in Proposal EG76-005 Subsection ll.B.2
on page 2-23) was designed, fabricated, and tested at 15 GHz. The evaluation results were
inconclusive m d  schedule constraints forced the effort to be terminated.

- I

I ,
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SECTION V
CONCLUSION

The primary purpose of this evaluation was to determine the feasibility and design
I mitations of the microstrip reflectarray antenna element. This objective was successfully
r~ ached. However, narrow operating bandwidth and relatively high loss severely limit the
ci ment ’s usefulness. Analysis indicates that closer array grid spacings ihan used in this evaluation
m y allow sufficient performance improvement to negate this conclusion.

Other conclusions arc that a single diode or short per plane is sufficient for satisfactory
el~ inent performance. The fabrication techniques developed for this evaluation represent a
sii-ip le , low- narasitic, potentially low-cost approach to other similar applications.

An analysis of the scattering by an infinite array of microstrip disks has been made and is
sl~~wn to he quite accurate. The anal ysis has been used to lend insigh t into the operation of a
rellectarra y using diodes integrated into the element to achieve phase shift for circularly
polarized fields. In particular, we have shown that the loss, bandwidth , and resonant frequency
are significantly affected by substrate thickness and grid spacing.
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